Liver metabolizes food materials and chemicals, and delivers nutrients to every tissue of the body and, thus, is essential to life. Nature designs the architecture of the liver in a way that the activity of liver correctly meets the need of the body, being not beyond and below it. Thus, the weight of liver (W liver ) has a correlation with that of body (W body ). The ratio (R L/B ) of W liver to W body is relatively constant among adults of a given mammalian species, indicating the presence of a "liver weight optimization rule (Rule LWO )". Studies of Rule LWO have been undertaken as those to identify molecular signaling required for the termination of liver regeneration using partially hepatectomized rodents. Recently, we established a novel model for studying the rule, h-hep-mice bearing liver repopulated with human (h) hepatocytes. We compared the repopulation process of the xenogenic hepatocytes in h-hep-mice and r-hep-mice, the latter being the mice with rat (r) hepatocytes. r-Hepatocytes proliferated following Rule LWO . In contrast, R L/B of h-hep-mice increased during repopulation and 3 times exceeded the normal mouse R L/B at the end of repopulation. The results from h-hep-mice suggest that molecular signaling between hepatocytes and stellate cells plays a pivotal role under Rule LWO . The present study emphasizes the usefulness of h-hep-mice to examine the mechanism of Rule LWO and, thus, to design an artificial liver that best mimics the natural liver.
Introduction
The liver (L) weight (W liver ) of mammals is correlated with their body (B) weight (W body ) and its ratio (R L/B ) is similar among adults in a species. For example, the average R L/B (%) of humans, mongrel dogs, and Fisher rats is approximately 2.5, 2.9, and 4.3, respectively. Generally, there is the allometric correlation between W liver and W body of an adult mammal that can be described by the following equation: W liver = 0.33 x W body 0.87 [1] , which allows us to postulate the presence of a rule, "liver weight, or R L/B optimization rule (Rule LWO )".
The liver has enormous regeneration capacity throughout life. When a liver mass is lost, the hepatocytes, the parenchymal cells of the liver, in the remnant liver start to proliferate and continue the proliferation until the liver regain the original R L/B . Apparently, R L/B is not a merely morphometric parameter, but a metabolic parameter of the body. In this article, we review the current understanding of the mechanism of regulation of R L/B . This mechanism has been studied as the mechanism of the termination of liver regeneration utilizing rodents that are subjected to partial (usually two third) hepatectomy (PHx) as an experimental model. We have introduced a novel mouse model for the study of Rule LWO , the mouse bearing liver composed of xenogenic hepatocytes.
2 Rule LWO in the small-for-size liver transplantation
Human study
Surgeons occasionally cannot help transplanting an intact liver into a recipient larger than the donor (small-for-size liver transplantation) [2] . A liver weighing 693 g from a 7-year-old boy whose body weight was 23 kg was removed as a donor liver (liver donor ) and orthotopically transplanted to a 44-year-woman weighing 47.5 kg whose liver had 1,768 g in weight. In this case, the original R L/B of the donor and the host was 3.01 and 3.72, respectively. R L/B of the host decreased from 3.72 to 1.46 just after the transplantation, which is quite smaller than the value that meets the Rule LWO . Therefore, the liver donor should enlarge until it restores the R L/B that is adequate to the host W body . Actually, this took place by 12 days post-transplantation.
Rat study
A similar size-adjustment of transplanted liver to recipient body size was reported for rats [3] . Large (W body = 200-250 g) and small male Fisher rat (F-344 rats) groups (W body = 100-140 g) were utilized for the study as host and donor groups, respectively. The average W liver of the host and donor groups was 8.99 ± 1.02 g and 5.38 ± 0.90 g, respectively. When about 9 g livers from the large group were transplanted into the large group rats with about 9 g livers, no changes in liver weight took place. When about 5.5 g livers from the small group were transplanted into the large group rats with about 9 g livers, the liver mass increased until the organ reached the appropriate weight for the recipient.
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Implication of studies on Rule LWO
When an optimal R L/B is changed, the animal quickly "senses" the change and initiates reactions to restore the correct R L/B . It is conceivable that this liver size optimization is a result of biochemical reactions, which is associated with physiological conditions not only within the liver, but also outside it, because the optimization of R L/B is apparently related with the need of whole body homeostasis and nutritional conditions. Considering the central roles of liver in the metabolism of nutrition, it is most probable that changes in R L/B induce imbalances in homeostatis regulated by both liver and other parts of the body and, as a result, they drives the liver to remodel for restoring the optimal R L/B .
3 Rule LWO in conventional liver regeneration animal models
Biological features of liver regeneration
The liver is the center that provides materials (nutrients) for constructing and maintaining the rest of the organs and tissues. This vital demand of liver seems to be a biological reason for its remarkably high regeneration capacity through life. Liver regeneration study has been conventionally undertaken utilizing rodents, whose livers are subjected to 2/3 PHx. Upon loss of mass, the liver is activated, starts the regeneration business as early as 5 min after the loss, and reestablishes the normal weight within 5 -7 days [4] .
The major event in regeneration is the recovery of number of the lost hepatocytes. The residual 1/3 of hepatocytes undergoes one round of DNA synthesis with a peak at 24 hrs after the surgery of rat liver, which increase their number to 60% of the required hepatocytes. A smaller percent of the cells enter into the second round of DNA synthesis to establish the original number of hepatocytes [4] . Thus, the understanding of the signaling interactions that initiate and terminate the DNA synthesis/cell division of the hepatocytes is the most important for understanding the liver regeneration. The liver gains the original R L/B during termination.
The termination of liver generation
Termination of regeneration is the completion of the correction of smaller R L/B to the optimal R L/B determined by the body weight of the host. A highly complex mechanism might underlie the termination, which includes many factors such as amounts of available nutrients and oxygen per hepatocytes. However, only a few candidates have been hitherto known as signaling molecules to terminate the regeneration. Among them two growth factors of TGF-β superfamily, TGF-β and activin, are considered to play prime roles as termination signals.
TGF-β, currently known as three forms, TGF-β1-3, regulates development, growth, and homeostasis on cells of most tissues [5] . The responding cells receive its message through type I (TGF-βRI) and type II transmembrane serine/threonine kinase receptors (TGF-βRII), and intracellular Smad transduction molecules [6] . Upon TGF-β binding, TGF-βRII is activated, and recruits TGF-βRI and transphosphorylates it, which enhances the TGF-βR1 protein kinase activity. The activated TGF-βRI phosphorylates and activates Smad2/Smad3, and the activated Smad then bind to Smad4. The resulting Smad complex moves into the nucleus and interacts in a cell-specific manner with various transcription factors. These interactions induce up-or down-regulation of the transcription of target genes [6] . Activin A, the other member of TGF-β superfamily, binds and stimulates activin type II receptors (ACVR2). The stimulated ACVR2 recruits ACVR1 and trans-phosphorylates it, which then recruits the Smad proteins as in TGF-βRI [8] . The activated Smads then translocates into the nucleus where it functions as a transcription factor. Receptor-activated Smads (R-Smads) form complexes with Smad4, and translocate into the nucleus to participate in transcriptional regulation.
TGF-β1 inhibits proliferation of cultured hepatocytes [8] , most likely by suppressing synthesis of HGF [9] and by inhibiting the activation of HGF through suppressing the expression of urokinase [10] . It is currently considered that TGF-β limits the proliferation of hepatocytes at the late phase of liver regeneration when the liver is about to regain its original R L/B and stops regeneration [11] . Stellate cells are the major cells that secrete TGF-β1 [12] , strongly suggesting the requirement of coordinated interactions between hepatocytes and stellate cells to normally terminate the regeneration. Activin is also a mito-inhibitor for hepatocytes [13] .
Termination of liver regeneration in TGF-β-and activin-gene-manipulated mice
Studies of the gain and loss of function of gene were undertaken to test the claimed role of TGF-β and activin as liver regeneration terminators. Transgenic mice overexpressing TGF-β1 in the liver suppressed early DNA synthesis after PHx, but normally terminated liver regeneration [14] against the prediction. The transgenic mice that over-expressed TGF-β in hepatocytes regenerated almost normally despite the presence of high TGF-β1 levels in liver and plasma [15] . Similarly, knockout (KO) mouse strains with elimination of TGFβRII normally ended liver regeneration [16] . The cited authors created knockout mice in which TGFβRII gene (Tgfβr2) was liver-specifically knockouted (R2LivKO mice). R2LivKO mice showed more rapid recovery of liver mass, with a significant increase in R L/B at 96 and 120 hrs after PHx. However, there was no significant difference in liver mass between normal and R2LivKO mice at 14 days after PHx, which indicates that termination of liver regeneration occurs normally in R2LivKO mice, despite the absence of TGF-β signaling in the livers. It was found that activin A signaling was increased and the Smad pathway was persistently active in the regenerating R2LivKO liver. Blockage of activin A signaling by follistatin, a specific inhibitor of activin A, resulted in slightly increased hepatocyte proliferation at 120 hrs over control animals, but there was no significant difference in R L/B . Therefore, there remains the possibility that neither TGF-β nor activin is a major factor in terminating regeneration. Similar hepatocyte-specific Tgfβr2 KO mice, Alb-cre Tgfβr2 flx/flx mice, were created [17] . Their conclusion about the role of TGF-β signaling in the termination of liver regeneration appeared not to be similar to that obtained with R2LivKO mice. The Alb-cre Tgfβr2 flx/flx mice increased proliferation of hepatocytes after 70% PHx and an increased R L/B compared to the control mice, which supported the notion that TGF-β signaling regulates the mitogenic response in the regenerating liver and affects R L/B .
Smad-KO mice with the following genotypes were generated [18] (hepatocyte-specific Smad2/Smad3 double-KO, DKO). Phenotypes of DKO mice are of particular interest to our study. Both S2HeKO and DKO mice were viable. The manifested morphology, growth, and function of postnatal liver were normal for up to at least 8 months, indicating that Smad2/Smad3 was not required for liver development. Hepatocytes were isolated from S2HeKO mice and were transplanted into CCl 4 -injured mice. The repopulation rate dramatically increased in recipient livers compared to that observed in those of the mice transplanted with hepatocytes from Ctrl mice. However, the occupancy (repopulation rate) of S2HeKO-hepatocytes was quite low (~3% at three months post transplantation) and the data as to changes of host liver mass were not described.
Although hitherto accumulated studies strongly suggests that the signaling of TGF-β, activin, and Smad proteins plays roles in the termination of liver regeneration, these currently available "loss of function" experiments failed to directly show their expected roles.
Creation of a mouse whose liver is constructed by hepatocytes of syngeneic and concordant xenogeneic animals 4.1 A mouse bearing liver composed of syngenic hepatocytes
Brinster et al. created a novel mouse model of liver regeneration, an albumin promoter/enhancer-driven urokinase type plasminogen activator (uPA) gene transgenic (uPA-Tg) mouse in which hepatocyte-targeted expression of the hepatotoxic transgene (uPA gene) causes a functional liver deficit, a condition of a chronic stimulus preferable for liver growth [19] . In this mouse, when a hepatocyte stochastically deletes the deleterious transgene, it starts to replicate and selectively expands, which permits the mouse to survive beyond birth in which plasma uPA concentrations gradually return to normal by 2 months of age. Transgene-deficient cells form clonal colonies called "hepatic nodules" and eventually replace the entire liver. This study demonstrated that uPA-Tg mice will be a useful model to not only study the replicative capacity of mouse hepatocytes, but also the mechanism of liver regeneration, including the regeneration termination.
A mouse bearing liver composed of rat hepatocytes
The aforementioned research group introduced the Alb-uPA transgene into immunodeficient nu/nu mice by mating uPA-Tg mice with Swiss athymic nude (nu/nu) mice and generated the immunodeficient uPA-Tg mice, "uPA/nude" mice [20] . Rat liver cells were isolated from adult female Sprague-Dawley rats and were transplanted into the liver of uPA/nude mice homozygous for the transgene. The livers of uPA/nude mice that had not been transplanted with rat (r) liver cells were completely pale ("white") in color. In contrast, those with rliver cells were composed of white and "red" regions. The former represents the area composed of transgene-expressing host cells alone and the latter represents the area composed of transgene-deleted host [mouse (m)] cells or repopulated rcells alone, or both. Immunohistochemical analysis with a mAb against rhepatocytes on uPA/nude at ~8 weeks but, before ~10 weeks after r-hepatocyte transplantation when the transgene deletion had took place revealed that the red region was mostly composed of the r-hepatocytes. Completely regenerated transgenic mouse livers resemble normal mouse livers in color, shape, and size. The R L/B of transgenic mice transplanted with r-liver cells is 6.8 ± 1.0%, which is similar to that of nontransgenic control mice (5.8 ± 0.6%). The host liver consisted of the r-parenchyma and the m-nonparenchyma including vessels, bile ducts, and associated connective tissues. The recipient mice were clinically healthy, indicating that r-hepatocytes are able to not only construct the architecturally normal liver in cooperation with mnonparenchymal cells beyond the species difference, but also biochemically communicate with them through signaling molecules delivered by mouse body tissues. Total serum protein and serum Alb levels in animals with rat-mouse (r/m-) chimeric livers are similar to levels in mouse controls, which supports the notion that the synthesis of serum proteins by r-cells was correctly regulated by m-proteins. r-Hepatocytes are recognized as m-hepatocytes and supply the liver with functions of m-liver. Transplanted r-hepatocytes are able to not only normally initiate proliferation by adapting themselves to regenerative environments in the Alb-uPA-induced mouse liver and divide, replacing the transgenic parenchyma, but also seem to be able to normally terminate proliferation, because the r/m-chimeric livers composed of r-parenchyma and mnonparenchyma are of similar size to mouse control livers. In other words, rhepatocytes terminate the proliferation when R L/B becomes optimal. Hepatocytes initiate and terminate proliferation under the influences of nonparenchymal cells. Thus, normal initiation, processing, and ending of the r/m-chimeric liver regeneration implies that r-hepatocytes produce surface proteins that are able to interact appropriately with soluble mouse-factors, m-extracellular matrix, and msurface proteins on m-nonparenchymal cells.
The successful creation of a r/m-chimeric mouse provides a chance to consider the biological significance of R L/B of mammals including an idea that a r-hepatocyte has an inherent mechanism to memorize the r-R L/B . Interesting question is "whether the R L/B of r/m-chimeric mice is the R L/B of rats or the R L/B of mice. The answer is the latter, as shown below. At present, we support the www.witpress.com, ISSN 1743-3541 (on-line) idea that the "demands" from the rest of a mouse body regulate the gene expression associated with initiation and termination of liver regeneration in both r-hepatocytes and m-nonparenchymal cells. Therefore, it is considered that rhepatocytes stop proliferation when the liver mass adequate for the mouse's body demands is acquired.
Creation of a mouse whose liver is constructed by human hepatocytes
The successful replacement of uPA/nude mouse livers with r-hepatocytes raised the exciting possibility that they also can be reconstituted with h-hepatocytes [20] . We undertook studies to generate such a mouse [21] . A severe combined immunodeficient (SCID) mouse was mated with uPA-Tg mouse to yield liverinjured SCID mice (uPA/SCID mouse). h-Hepatocytes were transplanted into the livers of the uPA/SCID mouse. The h-hepatocytes engrafted the liver at rates of as high as 92% in the best case and progressively repopulated it. Small clusters composed of 5 to 10 h-hepatocytes were observed at 7 days after transplantation.
The h-hepatocyte colonies gradually became larger and were almost confluent between 64 days and 81 days after transplantation, depending on individuals. The mice were able to develop livers with as high as 96% of RI. These results showed that h-hepatocytes are able to proliferate in m-liver, suggesting that the initiation signaling is normal. DNA in situ hybridization and marker proteinimmunostaining demonstrated that the mouse liver with a high RI consists of abundant h-hepatocytes, scant m-hepatocytes, m-nonparenchymal cells, and mECMs. Cytochrome P450 (CYP) plays prime roles in the metabolisms of chemicals and medicines. We evaluated the functional normality of the h-hepatocytes in mouse liver by comparing the expression profiles of mRNAs and proteins of h-CYP in the chimeric mouse liver and the donor liver, and found that these expression profiles were similar [21] . We also obtained the results showing that the chimeric liver was capable of specifically responding to CYP-inducing chemicals such as rifampicin and 3-methlchoranthrene. These results indicate that h-hepatocytes in the mouse liver retain the specific responsiveness toward drugs as in the human liver. Thus, we conclude that h-hepatocytes are able to initiate regeneration in the injured mouse liver, terminate it when they largely repopulate the liver, and exhibit their normal phenotypes as to at least phenotypes that we examined.
R L/B of h-hepatocytes-chimeric mice
In the course of the study on h/m-chimeric mice, we noticed the size of the liver of the mice with RI > 90% was much larger than that of the normal mouse liver (manuscript in preparation), which is apparently against the Rule LWO . We examined repopulation kinetics of h-hepatocytes in the uPA/SCID mouse model, using r-hepatocytes in the uPA/SCID mouse model as a control that completely replace the host hepatocytes following the Rule LWO [20] . Each of the h-and r-hepatocytes were transplanted into the livers of uPA/SCID mouse [22] . RI of the h/m-and r/m-mice reached 86% at 8 weeks and 100% at 5 weeks posttransplantation of h-and r-hepatocytes, respectively. The bromodeoxyuridine (BrdU)-labeling index (Index BrdU ) in r/m-and h/m-mice was about 15 and 9% at 1 week after transplantation, respectively, when the RI was as low as about 6% and negligible, respectively. The RI in the r/m-chimeric mice reached 100% at 4 weeks post-transplantation, when Index BrdU had decreased to the control level, whereas the RI in the h/m-chimeric mice was as low as 20% at 4 weeks posttransplantation when Index BrdU was still above the control level (3%). Eleven weeks post-transplantation, the Index BrdU decreased to the control level and the RI was 84% in the h/m-chimeric mice. These results clearly demonstrated that the repopulation kinetics of h-hepatocytes were quite different from those of rhepatocytes. r-Hepatocytes rapidly proliferated and completely repopulated mouse liver by as early as 4 weeks post-transplantation, whereas h-hepatocytes proliferated slowly and kept proliferation for a longer period, and were not able to accomplish the complete replacement; the RI was around 90% at best even at 11 weeks post-transplantation.
The expression profiles of TGF-β-and activin-associated signaling molecules were examined in both h/m-and r/m-chimeric mice (manuscript in submission). It was noteworthy that m-stellate cells and h-hepatocytes in h/m-chimeric mice in the later phase of repopulation did not express TGF-β, and TGF-β receptor and its following intracellular signaling molecules, respectively. In contrast, mstellate cells and r-hepatocytes in r/m-chimeric mice normally expressed them. From these results, we currently conclude that the failure in normal intercellular communication as to liver regeneration is the cause of liver hyperplasia in h/mchimeric mice.
Conclusion-Implications of Rule LWO in biotechnology of liver
Liver regeneration has been attracting researchers from viewpoints of both basic and applied sciences. Researches have been conventionally utilizing PHx rodents as an experimental animal for liver regeneration study. Relatively recently, a novel model has been put forward, a chimeric mouse bearing xenogeneic hepatocytes. In the present study, we showed the usefulness of a h/m-chimeric mouse for studying liver regeneration, especially for studying the mechanism of regeneration termination in relation to Rule LWO , because this animal allows liver to grow not following the Rule LWO . TGF-β/activin signaling between hepatocytes and stellate cells appears to be essential as functional molecules in the Rule LWO . However, the direct parameters in Rule LWO appear to be related to nutritional imbalances caused by liver failure. There is still a big lack of knowledge between TGF-β/activin signaling and nutritional imbalances. Our h/m-chimeric mouse will contribute to fill the gap. Comprehensive understanding the mechanism underlying Rule LWO at the cellular and molecular levels will undoubtedly provide us an ideal type of artificial liver for liverdamaged patients that incorporates not only hepatocytes, but also 
